The cytoplasmic membrane of the heterocystous cyanobacterium Nostoc commune UTEX 584 was isolated free of thylakoids and phycobiliprotein-membrane complexes by flotation centrifugation. Purified membranes had a buoyant density of 1.07 g cm-3 and were bright orange. Twelve major proteins were detected in the membrane, and of these, the most abundant had molecular masses of 83, 71, 68, 51, and 46 kilodaltons. The ester-linked fatty acids of the methanol fraction contained 16:0, 18:0, 18:1w9c, 20:0, and 20:3w3 with no traces of hydroxy fatty acids. Compound 20:3w3 represented 56.8% of the total fatty acid methyl esters, a feature which distinguishes the cell membrane of N. commune UTEX 584 from those of all other cyanobacteria which have been characterized to date. Fatty acid 18:3 was not detected. Carotenoids were analyzed by highperformance liquid chromatography. The cytoplasmic membrane contained ,-carotene and echinenone as the dominant carotenoids and lacked chlorophyll a and pheophytin a. Whole cells contained ,-carotene and echinenone, and lesser amounts of zeaxanthin and (3R)-cryptoxanthin.
The cytoplasmic membrane (plasmalemma) of cyanobacteria has the structure of a unit membrane, and the current opinion is that it arises independently from the intracytoplasmic (thylakoid) membrane system (4) . Data on cell membrane processes are lacking, and information on the biochemical composition of purified membranes from two unicellular forms has, only recently, become available (15, 16) . The bouyant density of the cell membrane from Synechocystis strain PCC 6714 was 1.08 g cm-3, slightly lower than the value reported for the cell membrane of Anacystis nidulans (1.11 g cm-3 [16] ). A temperaturedependent change in the absorption spectrum of the cell membrane was detected with membrane preparations from A. nidulans but not with those from Synechocystis strain PCC 6714. Caloxanthin and nostoxanthin, which accounted for 36% of the total membrane carotenoids present in A. nidulans, were absent in the cell membrane of Synechocystis strain PCC 6714. It has since been shown that the outer membrane of Synechocystis strain PCC 6714 also contains carotenoids (9) . A comparative study of three membrane fractions from this strain showed that the carotenoid content of the cytoplasmic membrane was higher than that of either the cell walls or thylakoids (16) .
Nostoc commune UTEX 584 is a filamentous, heterocystous cyanobacterium that shows a marked capacity to withstand acute water stress (18, 19) . The drying of cells and rehydration of desiccated material lead to rapid and significant changes in volume and turgor pressure which must impose considerable stresses upon the cells. Our studies indicate that the cell membrane is maintained intact during these changes and led us to question whether the cell wall of N. commune UTEX 584 possesses any unusual structural or biochemical features. This (15, 16) for two unicellular strains of cyanobacteria. The method used to isolate the cell membrane from N. commune is a modified form of that described for A. nidulans by Omata and Murata (15) .
Typically, the yield of membrane was highest when cells had been frozen prior to the extraction procedure. This cell material also showed a greater susceptibility to the effects of lysozyme. On a number of occasions, HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) was substituted for TES [N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid] in several of the buffer solutions which are described below. This had no discernible effect on Although lysozyme had little effect on the integrity of fresh cell material, its addition to the buffer medium enhanced ultimate recovery of the membrane, presumably through the release of the membrane from peptidoglycan complexes. Cells were collected by low-speed centrifugation, washed once in a buffer of 600 mM sucrose, 10 mM NaCl, and 10 mM TES-NaOH (pH 7.0), and resuspended in 50 ml of the same buffer. This suspension was passed once through a French pressure cell at 100 MPa, at 4°C. The brie was collected and incubated at 4°C in the presence of DNase (50 ,ug ml-', final concentration) for 10 min, and then it was centrifuged at 5,000 x g for 10 min to remove unbroken cells. The supernatant was then centrifuged at 20,000 x g for 60 min (Sorvall SS-34 rotor; Ivan Sorvall, Inc., Norwall, Conn.) at 4°C, and 5 ml of the supematant was transferred to a 10-ml polycarbonate ultracentrifuge tube (Oak Ridge type). The supernatant was overlaid with 1.5 to 2 ml of a buffer that contained 1 mM NaN3, 1 mM phenylmethylsulfonyl fluoride, 10 mM NaCl, 5 mM EDTA, and 10 mM TES-NaOH (NFNET, pH 7.2) and centrifuged at 180,000 x g at 4°C for 3 h (50 Ti rotor; Beckman Instruments, Inc., Fullerton, Calif.; k = 96.3, where k is the clearing factor [maximum rated rpm/actual run rpm] x kmac rpm). The upper membrane layer was removed with a Pasteur pipette, mixed with 1 volume of the overlay buffer, and then transferred to the surface of a 29-ml sucrose density gradient which was prepared with the following steps: 35, 28, 20, 14, and 7% (wt/vol) sucrose; 7.5, 7.5, 5, 5, and 4 ml, respectively (in NFNET buffer). This gradient was centrifuged at 112,000 x g at 4°C for 15 h (SW27 rotor, Beckman; k = 335).
Layers that contained the cytoplasmic membrane fraction were removed from gradients with sterile Pasteur pipettes and were then mixed with one or more volumes of NFNET buffer at 4°C to dilute the concentration of sucrose. The membranes were then collected as pellets after centrifugation at 180,000 x g (Beckman 50 Ti rotor) at 4°C for 2 h. This procedure was repeated several times.
Biochemical analyses. (i) Membrane proteins. Purified membrane fractions were solubilized in sodium dodecyl sulfate buffer (2% [wt/vol] sodium dodecyl sulfate, 1 mM
bromphenol blue, 0.2 M Tris; pH 8.8) at room temperature for 30 min. Samples were analyzed on either 10 or 15% (wt/vol) acrylamide gels which were supported on gel-bond (FMC Corp., Rockland, Maine). Electrophoresis was performed with the buffer system of Laemmli (13) . Gels were stained with either Coomassie brilliant blue R or silver stain (Bio-Rad Laboratories, Richmond, Calif.). After drying, protein bands in the gels were analyzed further with a Beckman microzone densitometer model R-110.
(ii) Lipid analysis. Lipid extraction of the purified membrane fraction, fatty acid purification, and analysis by capillary gas chromatography were performed as described in detail by Guckert et al. (5) . Briefly, a modified Bligh and Dyer (2) chloroform-methanol lipid extraction was used. Total extractable lipids were fractionated with chloroform, acetone, and methanol by silicic acid column chromatography. The fatty acid esters linked to the phospholipids were methylated by mild alkaline methanolysis of the methanol fraction. The fatty acid methyl esters and hydroxy fatty acid methyl esters were purified by thin-layer chromatography before gas chromatography analysis. Tenative peak indications were based on coelution with standards which were obtained from either Supelco, Inc., (Bellefonte, Pa.) and Alltech Associates, Inc., Applied Science Div. (State College, Pa.) or laboratory standards which had been identified previously. Samples were analyzed on a dual column gas chromatograph equipped with a 50-m nonpolar, cross-linked methyl silicone-fused silica column (Hewlett Packard Co., Palo Alto, Calif.), a 60-m SP-2340 polar column (Supelco), and a common injector.
(iii) Extraction and analysis of carotenoids and chlorophylls. All extractions and manipulations were performed with degassed solvents, in a darkroom, under the reduced illumination of a safe light and in an atmosphere of nitrogen (in a glove bag). A subsample of the purified membrane fraction was suspended in 10 ml of ice-cold methanol and sonicated in five 30-s bursts, with 30-s intermissions on ice (Branson Sonifier cell disrupter; Branson Sonic Power Co., Danbury, Conn.). After 6 h of extraction in methanol at 4°C, 10 ml each of chloroform and phosphate buffer from the lipid extraction was added, and the phases were allowed to partition at 4°C overnight. After 24 h, the chloroform fraction was filtered through a 2V filter (Whatman, Inc., Clifton, N.J.), and the fraction was evaporated to dryness under a stream of nitrogen. The residue was dissolved in ethyl acetate and passed through a column phase which contained a C18 Sep-PAK cartridge (Waters Associates, Inc., Milford, Mass.) to protect the high-performance liquid chromatography (HPLC) column. The eluates were evaporated under a stream of nitrogen, redissolved in 0.5 ml of ethyl acetate, and filtered through a centrifugal-filter system (Rainin; 0.2-,um-pore-size Nylon-66 membrane filter). Portions of 100 ,ul were injected into a Waters HPLC system which consisted of two pumps (models 45 and 6000), a model 720 solvent programmer, a Rheodyne sample valve, and a C18 column (Chrompak, 25 cm by 4.5 mm, 8-,um pore size). The column was protected by an in-line filter and a guard column (46 by 4.5 mm) which was packed with 11-,um C18-coated glass beads (Partisil, Whatman). Pigments were eluted within 20 min (flow rate, 2 ml min-') with a linear solvent gradient of 100% acetonitrilewater (90:10 vol/vol) to 75% ethyl acetate. After 20 min, the final solvent ratio was maintained for 1 min before the initial solvent composition was allowed to reestalish over a period of 5 min. The system was allowed to equilibrate for a futher 4 min before the next sample was injected. The pigments were detected through continuous measurement of absorbances at 7 wavelengths (280, 420, 450, 480, 640, 660, and 770 nm; Hewlett Packard model 8450A diode array spectrophotometer and Helma flowcell of 15 ,ul in volume). Complete spectra (200 to 800 nm) were recorded from peaks of absorbance as they appeared on the video display of a Hewlett Packard model 85 computer. The spectra, as data, were stored on disks for reproduction with a Hewlett Packard model 8HP7470 graphics plotter.
(iv) Identification of carotenoids. Carotenoids were purified from whole cells to confirm the identities of carotenoids in the purified cell membrane. Cells, grown in liquid culture (19) , were subjected to extraction procedures which were identical to those used for the purified cell membrane. Pigments were identified by their absorbance spectra, retention times, and after coelution of the standards [P-carotene, chlorophyll a, canthaxanthin, zeaxanthin, and (3R)-cryptoxanthin]. ; , m + , , , . . Physical analysis and criteria for purity. Cells of N. commune UTEX 584 in exponential growth show a marked resistance to treatment with lysozyme. The sensitivity was increased by freezing the cells at -70°C, and then thawing them at room temperature prior to treatment with lysozyme. It was not possible to isolate the cell envelope of N. commune (14) , despite numerous attempts with either fresh or prefrozen cells, different critical breakage pressures in the French pressure cell, and a wide range of different designs for sucrose density gradients.
The cytoplasmic membrane was isolated free of the thylakoid membranes by flotation centrifugation. After centrifugation the membrane aggregated as an orange-yellow to brown film and adhered to the inner wall of the centrifuge tube at the meniscus of the gradient. If a high ratio of cell material to buffer was maintained after treatment in the French pressure cell, the amount of this orange fraction was reduced considerably, and the ultimate yield of the cytoplasmic membrane was low. In the initial extraction, the orange fraction merged with the lower, dark-blue, layer of phycobiliproteins but was free of thylakoid membranes. In the final purification step, the orange-yellow fraction was separated from the blue-pink layer of phycobiliproteins. Phycobiliproteins and traces of thylakoid membranes could be eliminated in one step if, after the initial extraction, only the surface portion of the orange layer was removed for further centrifugation. In several isolations, two quite distinct orange-yellow fractions were observed in the final gradient, a surface fraction (the one usually obtained) with a bouyant density of 1.04 to 1.06 g cm-3 and a zone deeper in the gradient with a bouyant density of 1.07 to 1.09 g cm-3.
The absorption spectrum of the orange-yellow membrane fraction was quite different from the spectrum obtained for the purified thylakoids (data not shown). The spectrum of the cytoplasmic membrane showed no peaks in A680 (the dominant peak in the spectrum of the thylakoid membrane) or A654 (allophycocyanin). A lack of chlorophyll a or pheophytin a in the purified membrane was confirmed by the absence of phytolalcohols in membrane analyses (see below). A comparison of the banding pattern of the denatured cytoplasmic membrane proteins and those of the biliprotein fraction over which the membrane aggregated in initial extractions confirmed the purity of the orange-yellow membrane fraction (Fig. 1) .
Protein composition. The dark orange pellet, which was obtained after ultracentrifugation of the purified fraction, was solubilized readily at room temperature in sodium dodecyl sulfate cracking buffer. Some 12 bands were detected on gels with silver stain and following sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis (Fig. 1) . Of these, the most obvious corresponded to polypeptides with molecular masses of 83, 71, 68, 51, and 46 kilodaltons. membranes of the other cyanobacterial strains (14) (15) (16) .
However, the presence of a very high concentration of 20:3X3 fatty acid is a significant finding and it is assumed that I composition. The ester-linked fatty acids of the the membrane of N. commune is significantly more fluid than ol fraction contained 16:0 (23.1% of fatty acid methyl any of the cyanobacterial cell membranes which have been 18:0 (9.5%), 18: lw9c (7.7%), 20:0 (3.0%), and 20:3X3 described to date. In addition, the presence of large amounts compounds but no traces of hydroxy fatty acids.
of the 20:3X3 acid must cause a decrease in molecular und 20:3w3 represented, at 56.8%, the major compostacking within the membrane. Both of these features may the membrane fatty acids.
lend important properties to the membrane and may be ents. The procedures of sonication and extraction (6 significant in situations where water molecules are removed to 8 h), followed by overnight partition, did not produce pheopigments. After extraction, the remains of the glass fiber filters were stained blue purple by the phycobiliproteins, which were not detected in the wavelength spectra of the methanol-water phase (data not shown).
Two major and two minor carotenoids were detected in extracts of whole cells (Table 1 ). The first major carotenoid eluted at 930 s with one absorbance peak at 454 nm. Through analysis of this spectrum and its elution after chlorophyll a (25), this carotenoid is identified tentatively as echinenone.
The second major carotenoid coeluted with a-carotene at 1,100 s with three identical absorbance maxima at 422*, 450, and 476 nm (* indicates a shoulder in the spectrum; peak III to peak II).
The major peaks and shoulders on the spectrum of the membrane were present at 424, 449, and 473 nm (Fig. 2) . HPLC analysis of the membrane fraction showed two major peaks (Fig. 3) which upon purification were identified as echinenone and 3-carotene. DISCUSSION The bright-orange cell membrane isolated from N. commune UTEX 584 has similar properties to those described for Synechocystis strain PCC 6714 and A. nidulans (15, 16) with several exceptions. The low bouyant density of the membrane from N. commune reflects, presumably, its high lipid content. The value of 1.07 g cm-' is somewhat lower than the values reported for the two unicellular cyanobacteria and is significantly lower than the values (mean = cl.22 g cm-3) reported for other phototrophic and eubacterial strains (3, 17, 21, 24) . The polypeptide profiles of the cell membranes from N. commune and the two unicellular strains are quite different, although a protein with an apparent molecular mass of 83 kilodaltons is a major component of all three types (Fig. 3a in reference 16 ; Fig. 7 in reference 15; Fig. 1 in this study) .
Previous reports on the fatty acid compositions of cyanobacteria, including strains of Anabaena and Nostoc, have been obtained from whole cells (10, 11 (7, 22) . Myxoxanthophyll, caloxanthin, nostoxanthin, and 4-hydroxy-4'-keto-,B-carotene were not detected, while 1-carotene, zeaxanthin, and (3R)-cryptoxanthin have been confirmed by coelution of the standard with identical spectra. Zeaxanthin, which was the dominant carotenoid in the cell membrane of A. nidulans (15) and second in abundance in the membrane of Synechocystis strain PCC 6714, was detected in the cell membrane of N. commune only in small amounts. In a comparative study of the different membranes from Synechocystis strain PCC 6714, the carotenoid content was found to be higher in the cytoplasmic membrane and lower in the cell walls, relative to the thylakoid membranes (16) . The cytoplasmic membrane of this strain contained 1-carotene, echinenone, cryptoxanthin, zeaxanthin, xanthophyll-1, and xanthophyll-2. For the same strain, Jurgens and Weckesser (9) demonstrated the presence of carotenoids in the outer membrane and suggested that this may be the site of their synthesis through analogy with the chloroplast of higher plants. Carotenoids are thought to protect cyanobacteria and other bacteria (1) against photooxidative radiation (6, 12) . While we have shown that photo-oxidative damage may be significant during desiccation of N. commune (18, 19) , it is not possible at this time to assess the potential role of carotenoids in protection of N. commune against photooxidation.
In summary, we have described the purification of the cytoplasmic membrane from the filamentous, desiccationtolerant cyanobacterium N. commune UTEX 584. Despite numerous attempts, using a range of modifications of published methods, we were unable to isolate cell envelopes from N. commune. This may indicate some subtle structural feature of the cell wall of this filamentous cyanobacterium. As such, the procedures described here may prove to be useful for the isolation and purification of cell membranes from other lysozyme-resistant strains of cyanobacteria. Although somewhat similar in its physical and biochemical properties to membranes which have been isolated from unicellular cyanobacteria, the presence of 20:3X3 fatty acid in the cell membrane of N. commune UTEX 584, at more than 50% of the total membrane fatty acids, distinguishes the membrane from those of other strains and may be one feature which contributes to the resistance of the cells to rapid fluxes in water availability.
